ABSTRACT. In the present study, we tried to determine whether bone morphogenetic protein 1 (BMP1) plays a role in ovarian follicular development and early embryo development. We systematically investigated the expression and influence of BMP1 during porcine follicle and early embryonic development. Immunohistochemistry demonstrated that the BMP1 protein is expressed in granular cells and oocytes during follicular development, from primary to preovulatory follicles, including atretic follicles and the corpus luteum. The mRNA expression of BMP1 significantly increased as the porcine follicles grew. Immunofluorescence analysis indicated that BMP1 was expressed in cumulus-oocyte complexes (COCs), oocytes and porcine embryos during early in vitro culture. qPCR and western blot analysis showed that the expression of BMP1 was significantly up-regulated in mature porcine oocytes and COCs compared to immature oocytes and COCs. BMP1 is expressed in early porcine embryos, and its expression reaches a peak at the 8-cell stage. To determine the effect of BMP1 on the maturation of oocytes and the development of early embryos, various concentrations of BMP1 recombinant protein or antibody were added to the in vitro culture media, respectively. BMP1 significantly affected the porcine oocyte maturation rate, the cleavage rate and the blastocyst development rate of embryos cultured in vitro in a positive way, as well as the blastocyst cell number. In conclusion, BMP1 is expressed throughout porcine ovarian follicle development and early embryogenesis, and it promotes oocyte maturation and the developmental ability of embryos during early in vitro culture.
Bone morphogenetic proteins (BMPs) were first identified as a complex of proteins capable of inducing ectopic bone formation [2] . Further, it was found that they could regulate the differentiation of granulosa cells and delay the luteinization process [18, 25] . BMP1 was first isolated from extracts of bovine bone in association with other BMPs [32] . BMP1 differs from the other BMPs in that it is a metalloproteinase rather than a transforming growth factor beta (TGFβ)-like protein [4, 30] . This characterization is based on a unique 18-amino acid signature-HEXXHXXGFXHEXXRXDR-which includes zinc-binding motifs. According to a protein structure analysis, the BMP1 protein contains a signal peptide sequence that targets the protein for secretion, and the prodomain binds to BMPs [17] ; further, the EGF and CUB domains are characteristic of extracellular proteins, with high specificity [33, 36] . The current evidence indicates that EGF-CUB proteins, including BMP1, have extracellular functions [5, 28, 29] .
To date, BMP1 and its homologous genes have been identified in numerous species [1, 9, 22] . These genes belong to the astacin family and encode smaller proteins that contain a protease domain and have been described in fish, reptile and avian species as enzymes necessary for hatching [37] . Recently, the sheep ovary was used as a model system, and it was shown that BMP1 is expressed in sheep ovaries throughout the early fetal stages, up to adulthood (17) . Further, the study showed that BMP1 was present in granulosa cells at all stages of follicular development, from primordial to large antral follicles [6] . In the chick, BMP-1/Tolloid is expressed in the early embryo in the delaminating and mesodermal cells of gastrulating embryos and later in premigratory neural crest cells, at the ectodermal neural/non-neural boundary, and in the dermatome and myotome of somites [22] . BMP1-like proteinases also reportedly play important roles in activating growth factors, such as BMP2/4 [13] , growth and doi: 10.1292/jvms. differentiation factor (GDF) GDF8 (also known as myostatin) [31] , GDF11 (also known as BMP-11) [12] and transforming growth factor β1 [10] by cleaving extracellular antagonists and the potential complex.
Because BMP1 is expressed in sheep ovaries throughout the early fetal stages to adulthood and it activates various factors, such as BMP2/4 and GDF8 [12] , we predicted that BMP1 may play an important role in porcine folliculogenesis and early embryogenesis. In this study, we utilized the pig as a model to systematically examine the expression pattern of BMP1 during follicular development and early in vitro embryonic culture. The effect of BMP1 on oocyte maturation and early embryonic development was also determined by adding BMP1 recombinant protein or antibody to the in vitro culture medium.
MATERIALS AND METHODS

Immunohistochemistry
Immunohistochemistry was performed as previously reported with minor adjustments [23] . Porcine ovaries were collected at the local slaughterhouse of NanNing City and fixed in 4% formaldehyde in phosphate-buffered saline (PBS) for 24 hr at 4°C. The fixed porcine ovaries were dehydrated in graded ethanol, dealcoholized with xylene and embedded in paraffin. The paraffinembedded tissues were sectioned into 6-µm thick slices, mounted onto poly-l-lysine-coated slides and dried at 45°C overnight in air. The sections were deparaffinized and rehydrated in graded ethanol, and the sections were then washed three times for 5 min in 0.1% Tween-20 in PBS on a horizontal shaker. The slides were permeabilized with 1% Triton X-100 in PBS for 30 min at room temperature, boiled in 100 mM sodium citrate (pH 6.0) three times for 6 min each at 5-min intervals for antigen retrieval and then washed in 3% hydrogen peroxide for 30 min to remove endogenous peroxidase; this was followed by blocking for 1 hr in 5% bovine serum albumin (BSA) at room temperature. The slides were first incubated overnight at 4°C with primary goat polyclonal BMP1 antibody (sc-27324, Santa Cruz Biotechnology Inc., Dallas, TX, U.S.A.) diluted to 1:200 in the blocking solution and then rewarmed for 45 min at 37°C at the next day. Following three washes with 0.1% Tween-20 in PBS, the samples were incubated with rabbit anti-goat biotin-SP-conjugated antibody (SA00004-4, Protein Tech Group Inc., Wuhan, China) diluted to 1:100 in the blocking solution for 45 min at room temperature and 45 min at 37°C. The immunoreactive signals were detected using streptavidin-horseradish peroxidase (HRP) and diaminobenzidine (DAB Map Kit, Ventana Medical Systems, Inc., Tucson, AZ, U.S.A.). The primary antibody was replaced with normal goat IgG (diluted to 1:200), which served as a negative control. After preparation, the sections were observed with an Olympus DP70 digital camera (Olympus, Tokyo, Japan) mounted on a Leica DMR microscope (Leica, Mannheim, Germany) with Nomarski optics.
Separation of follicles
To analyze each follicle independently, the ovaries from the slaughterhouse were washed two to three times in PBS under aseptic conditions, the ovarian mesenteries were removed, and the ovaries were dissected into small pieces containing complete follicles. Then, a pair of ophthalmic forceps was used to carefully separate follicles of different diameters under a stereomicroscope. We selected healthy follicles for total RNA extraction and qRT-PCR analysis; healthy follicles were identified by their pink or slightly yellow color and the presence of blood vessels all around them and follicular fluid inside. The follicles were randomly divided into four groups of different diameters: 1-2 mm, 2.5-3.5 mm, 3.5-4.5 mm and 4.5-6 mm (Supplement 1).
Oocyte recovery, in vitro maturation, activation and embryo culture
Cumulus-oocyte complexes (COCs) were aspirated from the antral follicles (2-6 mm in diameter) and cultured in 150-µl droplets of maturation medium (TCM-199 with 10% porcine follicular fluid, 0.1 mg/ml cysteine, 1% non-essential amino acids and 0.2 mM pyruvate) with hormonal supplementation (10 IU/ml eCG and 10 IU/ml PMSG) at 38.5°C in air containing 5% CO 2 with humidity at saturation point.
After 44 hr of in vitro maturation, the cumulus cells were removed by gently pipetting with a fine-bore pipette in CCM (TCM-199 containing 2% FBS and 5 mM HEPES) supplemented with 0.1% hyaluronidase and washed three times in the same medium. Oocytes with a visible polar body were selected. Briefly, the oocytes were washed and pre-incubated for 20 sec in activation medium (0.25 M mannitol solution, 0.1 g/l BSA, 0.5 mM HEPES, 0.1 mM CaCl 2 ·2H 2 O and 0.1 mM MgCl 2 ·6H 2 O [pH 7.2]) at room temperature. The oocytes were then transferred to two 0.2-mm diameter platinum electrodes with a 0.5-mm gap and covered with the activation medium in a chamber connected to an electrical pulsing machine (BTX 2000 Electro Cell Manipulator; Biotechnologies and Experimental Research Inc., San Diego, CA, U.S.A.). The oocytes were exposed to 80-µs pulses at 1.0 KV/cm DC. After activation treatment, the oocytes were thoroughly washed and then cultured in 35-µl drops of the culture medium PZM-3 (supplemented with 0.2 M Na-Pyruvate, 4.4 mM hypotaurine, 1% nonessential amino acids, 1% essential amino acids and 3 mg/ml BSA) for 5-7 days at 38.5°C in a humidified atmosphere containing 5% CO 2 (the medium was not changed).
To determine the effect of BMP1 on the development of oocytes and embryos, various concentrations of BMP1 recombinant protein (0, 5, 15, 25 and 50 ng/ml) or anti-BMP1 antibody (0, 25, 50, 100 and 200 ng/ml) were added to the COC culture medium.
Immunofluorescence
BMP1 was detected in PFA-fixed oocytes, COCs and parthenogenetic embryos at different stages, as described previously with slight modifications [16] . After washing three times in PBS containing 1% TritonX-100 and 0.3% BSA (TBP) for 5 min, the samples were permeabilized with 1% Triton X-100 in PBS for 10 min at RT and then blocked in PBS supplemented with 1% BSA at RT for 1 hr. The samples were incubated with the primary goat polyclonal anti-BMP1 (sc-27324, 1:200; Santa doi: 10.1292/jvms. Cruz Biotechnology Inc.) antibody at 4°C overnight. After washing the oocytes three times in TBP, they were incubated with fluorescein-conjugated rabbit anti-goat IgG (H+L) (SA00003-2, 1:100; Protein Tech Group Inc.,) for 1 hr at RT (darkness). The samples were then washed three times with TBP and counterstained with 10 µg/ml propidium iodide (Sigma, st. Louis, MO, U.S.A.) for 10 min at RT (darkness). After three more washes, the samples were mounted on slides with anti-fade reagent. The samples were then observed under a laser-scanning confocal microscope (Zeiss, Heidelberg, Germany).
RNA extraction and reverse transcription
Total RNA was extracted from follicles of varying diameters using Trizol reagent according to the manufacturer's protocol. The RNA concentrations were measured on a NanoDrop ND-1000 (NanoDrop Technologies, Wilmington, DE, U.S.A.). The cDNA was synthesized with the TransScript II One-Step gDNA Removal and cDNA Synthesis SuperMix kit (Transgen Biotech, Beijing, China) according to the manufacturer's protocol.
For the oocytes, COCs and early parthenogenetic embryos, five cells from each stage were immersed in Cells-to-cDNA II cell lysis buffer (Life Technologies, Carlsbad, CA, U.S.A.) to induce lysis of the cells, and the extract was stored at −80°C until the experiment. Prior to the synthesis of cDNA, an optional DNAse step was performed to avoid DNA contamination. The reverse transcription step was then performed using SuperScript II Reverse Transcriptase (Invitrogen, Carlsbad, CA, U.S.A.) following the manufacturer's protocols. For all the samples, one cDNA reaction was performed without reverse transcriptase to check for contamination with genomic DNA.
Quantitative PCR
Quantitative PCR analyses for the gene expression level of BMP1 were carried out using the SYBR Green assay system. The PCR reaction mixtures contained 1 µl cDNA, 0.5 µM of the appropriate forward and reverse primers, and 10 µl of SYBR Green PCR Master Mix (Applied Biosystems, Froster City, CA, U.S.A.), to which RNase-free water was added to make a final volume of 20 µl. The constitutively expressed 18S gene was used as an internal control. The thermal cycling conditions included initial sample incubation at 50°C for 2 min and 95°C for 10 min, followed by 40 cycles at 95°C for 15 sec and 60°C for 30 sec. Water was substituted for the template cDNA to serve as a negative control. All samples were amplified in triplicate. The cycle threshold values (CT) indicated the quantity of the target gene in each sample, and the expression level of the target gene was determined in real time using the Applied Biosystems 7500 Real-time PCR System (Applied Biosystems, Foster City, CA, U.S.A.). The specificity of amplification was tested at the end of the PCR with a melting-curve analysis. Real-time RT-PCR was performed using the following primers: BMP1: 5′-AAGTATCTGAGGGCTTCCA-3′ and 5′-GTCATCGGGCTTCTCGTA-3′ (which generated a 155-bp fragment); the internal control 18S: 5′-GAAGGAAGTCCAATGTCCA-3′ and 5′-GATGGGCGGCGGAAAATTG-3′ (which generated a 97-bp fragment).
Western blotting
Porcine oocytes, COCs and parthenogenetic embryos at different stages were collected in different tubes and then frozen in liquid nitrogen and thawed three times with RIPA lysis buffer containing 0.1% PMSF. After lysis on ice for 30 min, the samples were denatured in boiling water for 10 min with SDS-PAGE loading buffer.
The samples were separated by SDS-PAGE and transferred to NC membranes (BIO-RAD Membrane, 0.22 µm) in a semi-dry transfer cell (BIO-RAD, Hercules, CA, U.S.A.). The membranes were blocked in Tris-buffered saline with 0.1% Tween 20 (TBST) containing 5% nonfat milk at 4°C overnight. After washing three times in TBST for 10 min each, the membrane was probed with specific primary goat polyclonal anti-BMP1 (AF-1927, R&D System, Minneapolis, MN, U.S.A.) antibody at 37°C for 2 hr. After washing with TBST, the membranes were incubated for 1 hr at room temperature with a 1:2,000 horseradish peroxidase-conjugated rabbit anti-goat IgG. Finally, the membranes were processed using the enhanced chemiluminescence detection system and exposed in a ChemiDoc-TM MP Imaging System (BIO-RAD).
Statistical analyses
Statistical analyses were performed with SPSS16 (IBM, Armonk, NY, U.S.A.). The relative mRNA expression level of BMP1 was calculated based on the comparative cycle threshold method as previously reported [21] . All percentile data were normalized with an arcsine transformation prior to statistical analysis. Differences between treatments with regard to the maturation rate, cleavage rate, blastocyst rate and total number of cells were analyzed using a general linear model (SAS Institute, Cary, NC, U.S.A.). Differences between groups were analyzed using one-way ANOVA and least significant difference (LSD) post-hoc test and are reported as the mean ± SEM value from three independent observations.
RESULTS
Location and expression level of BMP1 in porcine follicles
Immunohistochemistry was used to localize BMP1 within the adult porcine ovary. An anti-BMP1 antibody was used to detect BMP1 signals produced predominantly by cells in the granulosa cell layer of all follicles, from primary to pre-ovulatory follicles (Fig. 1) , including atretic and luteal follicles. A strong staining signal was also observed on the membrane of the oocytes in secondary follicles (Fig. 1C and 1E ). Theca cells showed faint staining or no signal (Fig. 1) . Immunopositive signals were absent in negative control sections incubated with the commercial antisera (Fig. 1I) . The expression of BMP1 was further assayed at multiple stages of follicle development by qPCR. RNA was extracted from follicles of different diameters, i.e., 1-2 mm, 2.5-3.5 mm, 3.5-4.5 mm and 4.5-6 mm. As shown in Fig. 2 , the mRNA expression of BMP1 significantly varied between follicles of different sizes (P<0.05): it was low in the 1-to 2-mm follicles and gradually increased to reach a peak in the 4.5-to 6-mm follicles (in the 4.5-to 6-mm follicles, it was 2.05-fold the value in the 1-to 2-mm follicles, P<0.05).
Expression pattern and level of BMP1 in oocytes, COCs and early parthenogenetic embryos
Immunofluorescence staining was utilized to explore the expression pattern of BMP1 in oocytes, COCs and early parthenogenetic embryos. BMP1-positive fluorescence was detected in the granulosa cells of immature COCs and mature COCs (Fig. 3) . Positive fluorescence signals were also observed on the membranes of mature and immature oocytes. During the development of in vitro cultured parthenogenetic embryos, positive fluorescence signals were detected from the 2-cell stage to the blastocyst embryo stage (Fig. 3) .
The expression level of BMP1 in oocytes, COCs and early parthenogenetic embryos was also assayed using qRT-PCR and western blotting. According to qPCR analysis, the BMP1 mRNA expression of mature oocytes and COCs was significantly upregulated compared with the expression in immature oocytes and COCs (Fig. 4A and 4B : in mature COCs, the expression was 4.55-fold that in immature COCs, P<0.05). BMP1 was also expressed in early parthenogenetic porcine embryos; its expression first increased and reached a peak at the 8-cell stage and then declined at the blastocyst stage (in the 8-cell stage, it was 1.69-fold the expression in the 2-cell stage, P<0.05). Western blot analysis of the corresponding stage samples showed that expression of the BMP1 protein was up-regulated in mature oocytes and COCs. It was expressed throughout the early stages in vitro cultured embryos, and its expression obviously peaked at the 8-cell stage (Fig. 5) . The protein expression pattern of BMP1 was consistent with that of BMP1 mRNA in porcine COCs and early parthenogenetic embryos.
Influence of BMP1 on porcine oocyte maturation and embryo development
To determine the effect of BMP1 on porcine oocyte maturation and embryo development, various concentrations of BMP1 recombinant protein (0, 5, 15, 25 and 50 ng/ml) were added to the in vitro maturation culture medium. BMP1 could significantly increase the porcine oocyte maturation rate ( On the contrary, various concentrations of BMP1 antibody (0, 25, 50, 100 and 200 ng/ml) were added to the in vitro maturation culture medium. The results indicated that the BMP1 antibody could significantly decrease the porcine oocyte maturation rate (Table 2) (65.71 ± 3.61 with 0 ng/ml protein vs. 36.08 ± 3.1 with 200 ng/ml protein, P<0.05), the cleavage rate (75.54 ± 6.2 with 0 ng/ml protein vs. 34.89 ± 2.1 with 200 ng/ml protein, P<0.05) and the blastocyst development rate (43.45 ± 10.7 with 0 ng/ml protein vs. 15.97 ± 7.2 with 200 ng/ml protein, P<0.05) of in vitro cultured embryos, as well as the blastocyst cell number (42 ± 4 with 0 ng/ml protein vs. 32 ± 3 with 200 ng/ml protein, P<0.05). These findings are presented in Table 1 and Table 2 and Supplement 2, and the sample used to count the number of blastocysts, which were stained with Hoechst, can be seen in Supplement 3. The negative effect of the BMP1 antibody on the maturation rate of oocytes, and the cleavage rate and blastocyst rate of porcine embryos appeared to be dose-dependent.
DISCUSSION
BMP1 is a vertebrate metalloproteinase of the astacin family. An increasing number of reports have indicated its ability to promote BMP signaling by releasing the BMP antagonist chordin [3, 27] . The BMP signaling pathway has also been shown to play an important role in oogenesis and embryo development. Numerous matrix metalloproteinases (MMPs) are reportedly involved in diverse aspects of ovarian function in mammals [8] . Thus, BMP1 could play a role in ovarian development by working in synergy with pro-collagen N-proteinases (namely, ADAMTS2, ADAMTS3 and ADAMTS14) to promote the deposition and maturation of collagen fibrils [11, 15, 24] .
However, only one study has reported that BMP1 was present in granulosa cells at all stages of ovine follicular development, from primordial to large antral follicles, and that the final follicle selection mechanism did not affect the levels of BMP1 [6] . In the present study, the location and expression pattern of BMP1 in different stages of porcine follicle development were first examined. These results are consistent with observations in sheep [6] , except that the positive signal was stronger in oocytes than in granular cells. Members of the BMP family [35] , such as BMP2, BMP4 [38] , BMP6 [26] , BMP7 [20] and BMP15, are strongly expressed in granular cells and oocytes during follicular development in different animals. However, the relative BMP1 mRNA expression gradually increased in healthy porcine follicles as the diameter increased (2.05-fold difference between the 4.5-6 mm and 1-2 mm follicles), while the level of BMP1 decreased in large ovine follicles [6] . This finding reflects those in MMPs, such as MMP3 and MMP9, which are more strongly expressed as chicken follicles mature [39] . Taken together, these data indicate that BMP1 may play an important role in follicle development in pigs, especially during the process of follicle dominance and selection, as well as during the atresia of follicles.
This study is the first to show the presence and expression pattern of BMP1 in denuded oocytes, COCs, mature denuded oocytes, mature COCs and early embryos using immunofluorescence. A clear positive staining signal was observed in granular doi: 10.1292/jvms.16-0277 cells, oocytes and early embryos. We further assessed BMP1 mRNA and protein expression by qPCR and western blotting, the results of which were consistent. BMP1 expression was up-regulated at the mRNA and protein levels in mature porcine COCs. In early porcine embryos, the BMP1 expression level first increased, reached a peak at the 8-cell stage and then declined at the (20) There is a significant difference (P<0.05) between the top and bottom results. Data were analyzed by using the one-way ANOVA. Three replications were used for detection of the effect. (5) There is a significant difference (P<0.05) between the top and bottom results. Data were analyzed by using the one-way ANOVA. Three replications were used for detection of the effect.
doi: 10.1292/jvms.16-0277 blastocyst stage. However, matrix metalloproteinase-8 (MMP8) reportedly enhances vascular smooth muscle cell migration and proliferation [34] , and matrix metalloproteinase-1 (MMP1) promotes lung alveolar epithelial cell proliferation/migration, protects these cells from apoptosis and represses the oxygen consumption rate and ROS production [14] . The above findings indicated that BMP1 may act as a metalloproteinase to improve embryonic development, especially at the 8 cell-stage, which is an essential stage of embryonic differentiation. Furthermore, in one study, BMP1 was purified with BMP2 extracted from bone [33] , and it activated BMP2/4, which participates in in vitro oocyte maturation and embryo development. We hypothesize that the endogenous expression of BMP1 could play an important role in the maturation of porcine oocytes and embryonic development. Thus, to evaluate the effect of BMP1 on porcine oocyte maturation, different concentrations of BMP1 recombinant protein or BMP1 antibody were added to the in vitro maturation culture medium. The addition of BMP1 recombinant protein (25 ng/ml) to the maturation medium increased the extrusion of polar bodies and improved the maturation rate of porcine oocytes, blastocyst rates and embryo quality in vitro by ameliorating the total number of cells. The BMP1 antibody exerted the opposite effect. Moreover, oocytes may have undergone apoptosis or stopped growing in response to 300 ng/ml and 400 ng/ml of BMP1 antibody; the mature oocytes at these two concentrations of BMP1 antibody can be observed in Supplement 3. We inferred that the oocyte membranes may contain a crucial substrate for BMP1 (Supplement 4). Because BMP1 was found at the center of a putative feedback loop that orchestrates TGF-β super-family ligand signaling in the ovary, it seems that BMP1, a candidate gene that belongs to the astacin family, regulates TGF-β signaling during oogenesis and embryo development in vertebrates [7, 10, 19] .
In conclusion, the expression pattern of BMP1 metalloproteinases provides a solid base to further probe the function of this enzyme during follicular development and embryogenesis. Overall, these observations suggest a new physiological role for BMP1 metalloproteinases in the porcine ovary.
